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Experimental and numerical study of temperature field and molten pool
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Abstract
2019 The Society of Manufacturing Engineers Laser study is an important consideration in the present
century with advances in laser technology. Titanium alloys are of great importance to the defense
industry, aerospace and other industries due to its properties, including strength to weight. In this
research, experimental and numerical study are investigated for laser welding on sheets of Ti6Al4V alloy
with different thicknesses. Analysis of the temperature distribution around the molten pool and
dimensions of the depth and width of the molten pool are performed by changing the parameters of laser
such as focal length, speed of laser welding and power. The results show that the heat affected zone
(HAZ) and molten pool is diverted to the thinner sheet. Also, by decreasing the focal length, the
temperature of the workpiece and the dimensions of depth and width of the molten pool are increased. In
addition, with enhancing the laser speed, the laser beam contact time with the workpiece surface reduces
and the temperature decreases, resulting in a decrease in the dimensions of the depth and width of the
molten pool. Eventually, as the power increases, the dimension of the melt pool increase and at both 180
W and 240 W powers, the thinner sheet experiences higher temperatures compared to the thicker sheet.
In this study, the results of numerical simulation are matched with the experimental results and can be
applied to obtain the temperature and geometry of the melt pool in other cases to reduce the cost and
time.
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Experimental study of temperature and mass fraction eﬀects on thermal
conductivity and dynamic viscosity of SiO2-oleic acid/liquid paraﬃn
nanoﬂuid
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This paper presents the study of the inﬂuence of SiO2 nanoparticles, temperature and nanoparticles mass loads
on the thermal conductivity of SiO2/liquid paraﬃn nanoﬂuid in existence of oleic acid. Diﬀerent temperatures
and nano sized particles mass fractions ranging from 25 to 70 °C and 0.005% to 5%, respectively, were considered within the experimentations. The results clearly exhibited that the thermal conductivity of the nanoﬂuid
altered signiﬁcantly with the temperature enhancement and by increasing in the mass fraction of the SiO2 nano
sized particles in the baseﬂuid, the thermal conductivity of the nanoﬂuid raised. The empirical relation of the
current research exhibits that for the relative thermal conductivity of SiO2-oleic acid/liquid paraﬃn nanoﬂuid as
parameters of nanoparticles mass fraction and temperature the extent of data deviation is lower than 10% and
for that of the relative viscosity of the SiO2-oleic acid/liquid paraﬃn the data deviation is also < 10%.

1. Introduction

pumping nanoﬂuid and the heat which is required in processes within
the industries. However, the fact that nanoﬂuid thermophysical properties is higher than baseﬂuids has been proved experimentally and
mathematically by many researchers [14,15] and they have reported
that these properties signiﬁcantly can be aﬀected by other factors including nanoparticle mean diameter, baseﬂuid and nanoparticles type,
as well as surﬁcial interactions [14].
Mahyari et al. measured the thermal conductivity of water/graphene oxide silicon carbide nanoﬂuid. They prepared the nanoﬂuid by
using two-stage method. Their results clearly revealed that the thermal
conductivity of the nanoﬂuid enhanced with the volume concentration
of nanoparticles and temperature [16]. The thermal conductivity of
diﬀerent nanoﬂuids including water/Al2Cu and water/Ag2Al nanoﬂuids
was examined by Chopkar et al. [15]. The thermal conductivity of Ag/
water nanoﬂuid was studied by Warrier et al. [17].
The impact of Al2O3-Fe2O3 nanoparticles on the thermal conductivity of 10w40 engine oil was studied by Sulgani et al. To do so,
they used diﬀerent nanoparticles mass fractions of 0, 0.25, 0.5, 1, 2, and
4 wt% within a temperature range of 25–65 °C and experimentally
showed that the ultimate improvement was obtained at a mass fraction

Due to the advancement in technologies and a signiﬁcant inﬂuences
of nanoparticles on wide range of applications such as reinforced nanocomposites, medicine and pharmacy, engineering and oil and gas
production, their physicochemical properties has been selected as a
main scope in research projects by many scholars [1–5]. The implementation of nanoparticles in nanoﬂuids and their thermal properties has made it practical to utilize them as a technology-based heat
transfer novel ﬂuids in the industries such as petrochemical companies
and gas and oil reﬁneries. It has been mentioned by many researchers
that addition of nano sized particles to heat transfer ﬂuids leads to
obtain a new agent with signiﬁcant thermal and hydrodynamic properties [6–11].
Choi ﬁrst presented the term of nanoﬂuid as a dispersion of nanoparticles in a conventional baseﬂuids including ethylene glycol, glycerine, oil and water [12,13]. Besides, other scholars showed that two
main factors including the mass fraction of nano sized particles and
temperature aﬀect the nanoﬂuid viscosity and thermal conductivity
[14,15]. The aforementioned properties also inﬂuence the cost of
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of 4% with 33% of thermal conductivity compared to the base oil.
Finally, they used curve ﬁtting technique to derive an empirical relation
for estimation of thermal conductivity [18]. Furthermore, Chen et al.
[19] investigated the inﬂuence of nanoparticles average diameter on
thermal conductivity of nanoﬂuids containing silica nanoparticles and
reported that with a raise in nanoparticles mean size the values of relative thermal conductivity enhance signiﬁcantly.
Other researches were carried out on measuring nanoﬂuid dynamic
viscosity and rheological properties. Abdollahi et al. studied the inﬂuences of nano sized particles mass concentration, temperature and the
types of baseﬂuid on the dynamic viscosity of CuO-based nanoﬂuids
[20]. Attari et al. also studied the eﬀects TiO2, NiO, Fe2O3, ZnO and
WO3 nanoparticles on viscosity of nanoﬂuid containing crude oil. They
revealed in their experimentations that with the temperature enhancement the ratio of nanoﬂuid viscosity to baseﬂuid reduces signiﬁcantly. They also reported that higher density of nanoparticles leads
to higher nanoﬂuid relative viscosity. With the raise of temperature
above certain value of 50 °C, the amount of measured nanoﬂuid viscosity is lower than that of the baseﬂuid. Eventually, they proposed a
relation incorporating nanoparticle density, temperature, as well as the
values of nanoparticles mass load by means of regression analysis. They
reported that obtained results revealed that the deviation of the
mathematical relation from the experimentally driven data was majorly < 20%. Table 1 presents the conduction heat transfer coeﬃcient
and the viscosity models proposed by various researchers.
In this research study it is aim to comprehensively consider the
impact of nanoparticles mass load and temperature on thermal conductivity and viscosity of SiO2 nanoparticles and oleic acid-loaded nanoﬂuid as well as achieving a comprehensive relation for estimation of
these parameters. To do so, these two parameters of liquid paraﬃn
based nanoﬂuids including SiO2-oleic acid nanoparticles were studied
at various nanoparticles mass loads and temperatures. Finally, an obtained experimental formula encompassing temperature and mass load
was derived by means of hybrid GMDH-type neural network to calculate the aforementioned nanoﬂuid physical properties.
Oleic acid has a hydrophilic and a hydrophobic head. Silica nanoparticles are hydrophilic. By adding oleic acid of Silanol groups which
exists on silica, it reacts with hydrophilic groups on the oleic acid and
forms hydrophobic groups around it. These hydrophobic groups can

Table 2a
Physical properties of SiO2 nanoparticles.
Molecular weight
Density
Melting point
Boiling point

easily disperse the nanoparticles and prevent them from agglomerating.
Therefore, adding more oleic acid has more positive eﬀects. On the
other hand, when we increase the concentration, the thermal conductivity increases as the amount of solid particles increases. Also, as
the number of particles increases, the number of Brownian motions
increases and the heat transfer coeﬃcient increases. As the temperature
increases, both motion and vibration increase. Increase in Brownian
motion results in dominant micro convection. Thus the heat transfer
coeﬃcient increases.
2. Experimentation
2.1. Materials
SiO2 nanoparticles with oleic acid were prepared from U.S. Nano
Co. with high purity, (99.98 wt%), and the physical properties of nanoparticles and oleic acid are reported in Tables 2a and 2b, respectively. In addition, liquid paraﬃn-107,160 was obtained from Merck
Co. Germany. The molecular properties of nanoﬂuid production is
shown in Table 3 [21]. The thermo-physical properties of nanoﬂuid are
thermal conductivity, viscosity, density and speciﬁc heat. In this study
the thermal conductivity and the viscosity of nanoﬂuid has been investigated. The nanoparticles ﬁgure has a vital role to estimate the
nanoﬂuid thermo-physical properties. More viscosity can be observed
due to more concentration.
2.2. Instruments
The thermal conductivity and dynamic viscosity of nanoﬂuid were
measured by using a thermophysical properties analyzer and Brookﬁeld
Viscometer, (KD2 Pro, USA and PVII respectively) [23], and TEM
analysis, (Hitachi, Japan), was implemented to image dry nanoparticles
[23]. Also, Zeta Potential analysis and DLS test were employed on diluted nanoﬂuids samples (0.005 wt%) by using ZetaSizer, (Malvern,
United Kingdom), to measure the stability of nanoparticles in baseﬂuid
and the temperature was kept in ﬁxed value by means of an isothermal
circulator bath, (PolyScience Co. U.S.A), analogous to our previous
research [23].
The results presented in Table 4, show that both experimental relative thermal conductivity and dynamic viscosity have similar trend to
those obtained for nanoﬂuids without surfactant. However, it can be
seen that the addition of Oleic Acid to oil based nanoﬂuid change the
values of thermal conductivity and dynamic viscosity signiﬁcantly.

Table 1
Theoretical correlations proposed for viscosity and thermal conductivity.
Reference

Correlations proposed

Asadi et al. [61]
Asadi and Asadi
[62]
Esfahani et al.
[63]
Sunder et al. [64]

μnf = 328201 × T−2.053 × φ0.09359

Hemmat Esfe
et al. [65]
Karimipour et al.
[22]
Dehghani et al.
[23]

μnf = μf(1 + 11.61φ + 109φ2)

μnf = 796.8 + 76.26φ + 12.88T + 0.7695φT +

((

μnf = aexp b
μnf
μbf

μnf
μbf

φ − 0.01146
0.01921

) ) + cexp (d (

= 2.1275 − 0.0215T +

))

0.0002T2

2.3. Nanoﬂuid preparation

= A1 + A2 Tw + A3 w
μnf
μbf

=

Non-aqueous-based nanoﬂuid

μnf
μbf

Aqueous−based nanoﬂuid

B1 λa + B2 T b + B3 w c + B4
1.5447e−0.023T

=

In the current paper, initially 1 g of SiO2 nano sized particles was
measured. This amount of nanoparticles were hen completely dispersed
in 19 g baseﬂuid under stirring of 500 rpm for 30 min [23] and the
suspensions were sonicated with 0.5 s for time period and 60% relative

A1 λa + A2 T b + A3 w c + A 4
52.36e−0.013T

μnf
μbf

= A1 + A2 Texp (w ) + A3 β + A 4 βexp (w )

knf
kbf

= 0.9787 + exp (0.3081φ0.3097 − 0.002T )

Harandi et al.
[67]
Sunder et al. [68]

knf
kbf

= 1 + 0.0162φ0.7038T −0.6009

knf
kbf

= 0.0162(1 + φ)0.6556

Dehkordi et al.
[60]

knf
kbf

= A1 + A2 λT + A3 WT + A 4 T2

Abdollahi et al.
[20]
Vafaei et al. [66]

−196.9T − 16.53φT
T

φ − 0.01146
0.01921

60.2 g/mol
2.68 g/cm3
1713 °C
2950 °C

Table 2b
Physical properties of oleic acid.
Vapor pressure at temperature of 20 °C
Speciﬁc gravity at temperature of 20 °C
Kinematic viscosity at temperature of 40 °C
Boiling point
Ignition point

2

< 0.01 Pa
0.895
73.3 mm2/s
360 °C
370 °C
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Table 3
Physical and molecular properties of liquid paraﬃn-107,160 [22].
CAS-No
Vapor pressure at temperature of 20 °C
Speciﬁc gravity at temperature of 20 °C
Kinematic viscosity at temperature of 40 °C
Boiling point
Ignition point

8012-95-1
< 0.01 Pa
0.86
42.5 mm2/s
300–500 °C
300 °C

to maximum amplitude for 1 h [23]. In order to increase the nanoparticles surﬁcial repulsive forces in baseﬂuid, 0.052 g oleic acid was
added to the obtained suspension. After preparation the main nanoﬂuid, other samples with diﬀerent nanoparticles mass loads were made
by adding main baseﬂuid [23]. In this research 10 ml of nanoﬂuid
sample was separated and then added to a tubular pipe, (0.5 mm wall
thickness, 1 cm diameter and 12.74 cm height [23]). After keeping the
temperature constant the probe of thermal analyzer was implanted
inside the pipe vertically. The experimental standard deviation was
obtained by means of the following equation for measurement in
thermal conductivity at a given temperature and SiO2 nanoparticles
mass concentration [23]:

Fig. 1. TEM of SiO2 nanoparticles.

nanoparticles was ranged from 10 to 35 nm with semi-spherical morphology. The TEM test which is taken from the powder sample by the
TEM machine and it is the original form that is taken from the machine.
Also the experimental ﬁndings of zeta potential analysis for SiO2loaded nanoﬂuid are exhibited in Fig. 2. Zeta potential graph illustrates
the electrical charge on the surface. The higher the value of surface
electrical charge, the higher the zeta potential and the higher the stability of nanoﬂuid. Findings show that the large numbers of SiO2 nano
sized particles possesses maximum value for total count at values less
than −40 mV indicating high stability of SiO2 nano sized particles in
liquid paraﬃn [4,25].
Fig. 3 shows the ﬁndings obtained for DLS test of the nanoﬂuid. DLS
test was implemented to indicate the mean diameters of SiO2 nanostructures and their size distribution within the baseﬂuid, (liquid paraﬃn-107160). These ﬁndings clearly reveal that for SiO2-loaded nanoﬂuids the mean size of the aforementioned nanoparticles is about
20–40 nm.
As it was said, Fig. 3 shows the DLS diagram where the X graph
represents the size and y axis represents the size of nanoparticle. This
ﬁgure shows that our graph's width is between 10 and 60 nm. And the
maximum value indicates that the nanoparticles are the most intense at
this size, which is about 30 nm. The average value is integrated by the
device, it integrates from the graph surface, and reports the average
value of the particles as 28 nm.

∑i (Ri − R)2
_

Standard Deviation =

n2

(1)

where Ri is the ratio of measured parameter R is average value of
_

measured parameter and n is numbers of repeated measurements,
(equal to 3 for dynamic viscosity and 8 for thermal conductivity).
2.4. Uncertainty analysis
Based on the previous researches the uncertainty analysis is used for
determining the reliability of experimentation; therefore, this value was
represented by using the certain accuracy of thermal analyzer ( ± 1%)
and viscometer ( ± 2%), precise electric balance ( ± 0.0003 g), and
isothermal bath ( ± 0.005 °C) [23]. The following equation was used
for estimating the uncertainty of experimentation [24]:
2

U . M . =±

∆α i ⎞
⎝ αi ⎠

∑⎛
⎜

⎟

(2)

where αi is the parameter that directly aﬀect the measurement including temperature and nanoparticles weight as well as dynamic
viscosity or thermal conductivity of nanoﬂuid. In this study the maximum amount for uncertainty measurement of thermal conductivity
and dynamic viscosity was found to be 8.1% and 5.4%, respectively.

3.1. Thermal conductivity
The ﬁndings obtained for thermal conductivity of SiO2-oleic acid/
liquid paraﬃn nanoﬂuid are presented in Fig. 4a. The values of thermal
conductivity for aforementioned nanoﬂuid were obtained at diﬀerent
temperatures and mass loads of nanoparticles. According to these results it can be clearly understood that with the enhancement in temperature from given value of 25 to 70 °C the amount of nanoﬂuid

3. Results and discussion
Fig. 1 represents the images obtained from the TEM test. In this
study TEM test was performed on dry SiO2 nano sized particles to indicate the average size and morphology of aforementioned nanoparticles. This image reveals that the average size of aforementioned
Table 4
Compare the results with other references for validation.
Mass fraction
(wt%)

Experimental relative thermal
conductivity @ 70 °C for this study

Experimental relative thermal
conductivity for CuO/ethylene glycol @
70 °C [60]

Experimental relative dynamic
viscosity @ 70 ̊C for this study

Experimental relative thermal
conductivity for CuO/ethylene glycol @
70 °C [23]

5
1
0.5
0.1
0.05
0.01
0.005

1.64
1.32
1.28
1.22
1.22
1.18
1.17

1.55
1.34
1.26
1.22
1.15
1.08
1.02

4.67
4.11
3.33
2.08
1.56
1.18
1.06

1.08
0.93
0.86
0.8
–
–
–

3
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Fig. 2. Zeta-potential test for SiO2-oleic acid/liquid paraﬃn nanoﬂuids.

temperature from a certain value of 25 to 70 °C the value of thermal
conductivity for aforementioned rises from 1.31 to 1.63 at nanoparticles load of 5 wt%. In addition, it can be observed that with the
raise of SiO2-oleic acid mass load from 0.005 to 0.1 wt% the experimental values of nanoﬂuid relative thermal conductivity increase intangibly. These results clearly reveal that with the increment in SiO2oleic acid load from a certain value of 0.005 to 5 wt% relative thermal
conductivity of aforementioned nanoﬂuid improves about 29% at 25 °C.
Similarly, the ﬁndings obtained for thermal conductivity of aforementioned nanoﬂuid shows that this parameter increases about 37% at
70 °C.

thermal conductivity raises from 0.30 W/m·K to 0.36 W/m.K at constant nanoparticles mass load of 5 wt%. Furthermore, these ﬁndings
show that with the growth in SiO2-oleic acid mass concentration from
0.005 to 0.1 wt% the experimental values of nanoﬂuid thermal conductivity increase intangibly; although, for higher nanoparticles mass
fraction a signiﬁcant change in thermal conductivity can be observed.
These ﬁndings also exhibited that with the raise in SiO2-oleic acid nanoparticles concentration from a certain value of 0.005 to 5 wt% the
value of thermal conductivity raises about 31% at 25 °C. Accordingly,
the value of thermal conductivity increases about 38% at 70 °C. This
conclusion shows that higher temperature can signiﬁcantly aﬀect the
inﬂuence of nanoparticles mass load on nanolfuid thermal conductivity.
At low temperatures Brownian motion is the main mechanism for increasing thermal conductivity, but at high temperatures Brownian
motion is not the main mechanism and other mechanisms may be involved. At higher temperatures, the frequency of the nanoparticles increases in order for them to move, so higher frequencies cause much
more collision and adherence of nanoparticles and causes agglomeration, thereby the thermal conductivity is reduced. On the other hand,
when we increase the concentration, the thermal conductivity increases
as the amount of solid particles increases. Also, as the number of particles increases, the number of Brownian motions increases and the heat
transfer coeﬃcient increases. As the temperature increases, both motion and vibration increase. Increase in Brownian motion results in
dominant micro convection. Thus the heat transfer coeﬃcient increases.
The ﬁndings obtained for relative thermal conductivity of SiO2-oleic
acid/liquid paraﬃn nanoﬂuid, (kR =

knf
kbf

3.2. Dynamic viscosity
Fig. 5a shows the experimental results obtained for dynamic viscosity of SiO2-oleic acid/liquid paraﬃn nanoﬂuid at diﬀerent temperatures and nanoparticles mass concentrations. It is clear that with the
raise in temperature from certain value of 25 to 70 °C, dynamic viscosity of aforementioned nanoﬂuid declines from 870 mPa.s to
600 mPa.s at SiO2 nanoparticles load of 5 wt%. Moreover, these ﬁndings reveal that the value of nanoﬂuid dynamic viscosity of enhances
signiﬁcantly at nanoparticles concentration above 0.05 wt%, while for
lower mass concentration the changes in dynamic viscosity are insigniﬁcant. Accordingly, with the augmentation in SiO2-oleic acid nanoparticles mass concentration from a certain value of 0.005 to 5 wt%, the
value of nanoﬂuid dynamic viscosity rises about 331% at 25 °C and the
value of nanoﬂuid dynamic viscosity raises about 495% at 70 °C. This
conclusion similarly shows that higher temperature can signiﬁcantly
aﬀect the inﬂuence of nanoparticles mass concentration on nanoﬂuid
dynamic viscosity.
The experimental results obtained for ratio of dynamic viscosity of

), are demonstrated in Fig. 4b.

the relative thermal conductivity values for this nanoﬂuid was also
calculated at various temperatures and mass loads of nanoparticles.
According to these results it can be observed that with the raise in

Fig. 3. DLS test for SiO2-oleic acid/liquid paraﬃn nanoﬂuid.
4
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Fig. 4. Experimental thermal conductivity of SiO2-oleic acid/liquid paraﬃn
nanoﬂuid.
Fig. 5. Experimental dynamic viscosity of SiO2-oleic acid/liquid paraﬃn nanoﬂuid.

SiO2-oleic acid/liquid paraﬃn nanoﬂuid to pure baseﬂuid are presented in Fig. 5b. It is clear that with growing the nanoﬂuid temperature from 25 to 70 °C, dynamic viscosity of aforementioned nanoﬂuid
remain approximately constant at diﬀerent nanoparticles mass fraction,
declaring small impact of temperature as a parameter on ratio of dynamic viscosity for aforementioned nanoﬂuid. Moreover, these ﬁndings
reveal that relative dynamic viscosity of abovementioned nanoﬂuids
augments signiﬁcantly at nanoparticles mass concentration above
0.05 wt% while for lower value the changes in nanoﬂuid relative dynamic viscosity are insigniﬁcant similar to those data presented in in
Fig. 5a.
3.3. Temperature eﬀect
Based on the empirical data obtained for measuring thermal conductivity and dynamic viscosity of nanoﬂuid, it can be clearly detected
that by the raise in temperature the value of thermal conductivity of
SiO2-oleic acid/liquid paraﬃn increases at given amount of nanoparticles mass fraction while dynamic viscosity of nanoﬂuid declines
(Figs. 6 and 7). Same eﬀect also can be observed in nanoﬂuid relative
thermal conductivity; although, no signiﬁcant eﬀect of temperature can
be seen in the ratio of nanoﬂuid dynamic viscosity to pure baseﬂuid.
This eﬀect can be attributed to the fact that both baseﬂuid and nanoﬂuid dynamic viscosity decline with temperature while a reverse results
is obtained for nanoﬂuid thermal conductivity, (the value of nanoﬂuid
thermal conductivity increase with temperature whereas this parameter
decreases for pure baseﬂuid). It has been reported by other scholars that
the random motion, (Brownian motion), of nanoparticles in baseﬂuids

Fig. 6. Nanoﬂuid relative thermal conductivity vs. temperature.

causing micro-convection is responsible for the improvement in thermal
conductivity of most of nanoﬂuids with the temperature enhancement
[5]. Therefore, higher value for thermal conductivity of nanoﬂuid is
resulted when the baseﬂuid molecules moves from higher temperature
zone to the lower temperature region by means of micro-convection
5
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Fig. 7. Nanoﬂuid relative dynamic viscosity vs. temperature.

Fig. 8. Relative thermal conductivity calculated by Eq. (3) vs. corresponding
empirical data.

[5]. Koo et al. published an articles and reported that the growth in
temperature leads to strong Brownian motion of nanoparticles [5,26].
Similarly, the results of the present study also posit that the nanoparticles Brownian motion and the inﬂuences of temperature on the
aforementioned random motions can be chosen as a factor which is
responsible for the growth in thermal conductivity of nanoﬂuid with
the temperature growth.

3.6. Dynamic viscosity correlation
In this research also for calculation of ratio of dynamic viscosity for
SiO2-oleic acid/liquid paraﬃn nanoﬂuid at various temperature and
aforementioned nanoparticles mass concentrations the method of
GMDH-type neural network was employed [27]. Therefore, a polynomial empirical correlation was obtained for the ﬁrst time [28–59] by
means of GMDH Shell DS. The empirical correlation was derived as
function of parameters including temperature (°C) and SiO2 nanoparticles concentrations (wt%) with R2 = 0.999:

3.4. Mass fraction eﬀect
From these experimentation, with the raise in nanoparticles mass
concentration both relative thermal conductivity and relative dynamic
viscosity enhances considerably due to increment in the solid content
within the liquid paraﬃn. This increase in numbers of nanoparticles
enhances the abundancy of Brownian motion of silica nanoparticles
resulting more micro-convection [22].

μnf
μbf

B1 = 6.8376, B2 = 15.2522, B3 = 0.038779, B4 = −2.63029
Fig. 9 exhibits the values of the ratio of nanoﬂuid dynamic viscosity
over to the baseﬂuid calculated by Eq. (4) vs. experimental data at similar temperatures and SiO2 nanoparticles concentrations. The suggested empirical correlation predicts the relative dynamic viscosity at
diﬀerent nanoﬂuid temperatures and SiO2 concentrations. Furthermore,
the results of this ﬁgure demonstrate that deviations of obtained data
from empirical relative dynamic viscosity are mostly < 10%. Thus, the

In this experimental study for calculation of ratio of thermal conductivity of SiO2-oleic acid/liquid paraﬃn nanoﬂuid to pure baseﬂuid
at diﬀerent temperature and aforementioned nanoparticles mass concentrations, method of GMDH-type neural network was employed [27].
Therefore, a mulitivariable empirical correlation was obtained by
means of GMDH Shell DS. Resultant empirical correlation was derived
based on parameters including temperature (°C) and SiO2 nanoparticles
mass concentrations (wt%) with R2 = 0.999:

kbf

= A1 + A2 w (w t. %) + A3 (T (°C ))2 + A 4 T (°C )

(4)

where:

3.5. Thermal conductivity correlation

knf

= B1 + B2 w (wt . %) + B3 w (wt . %). T (°C ) + B4 (w (wt %))2

(3)

where:

A1 = 0.756951, A2 = 0.0735396, A3 = −8.26715 × 10−5, A 4 = 0.0123973
Fig. 8 posits the amounts of relative thermal conductivity of nanoﬂuid calculated by Eq. (3) vs. experimental data at corresponding
temperatures and SiO2 nanoparticles mass concentrations. The empirical relation predicts the relative thermal conductivity at various
nanoﬂuid temperatures and SiO2 nanoparticle concentrations. Furthermore, the results of this ﬁgure reveal that deviations of obtained
data from experimental relative thermal conductivity are mostly <
10%. Therefore, the proposed empirical correlation can approximate
the amount of relative nanoﬂuid thermal conductivity at various temperatures (25 to 70 °C) and SiO2 nanoparticles concentrations (0.005 to
5.0 wt%).

Fig. 9. Relative dynamic viscosity calculated by Eq. (4) vs. corresponding experimental data.
6
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was detected with the increase in nanoﬂuid temperature, which is exactly the same as the decrease of the baseﬂuid viscosity i.e. liquid
paraﬃn. Moreover, ﬁndings of the current study revealed that enhancement of nanoparticle concentration in SiO2-oleic acid/liquid
paraﬃn nanoﬂuid increases the nanoﬂuid viscosity. According to the
results of presented paper, with growing nanoparticles concentration,
the alterations in the relative thermal conductivity of nanoﬂuid at nanoparticles load of lower than 0.1% is insigniﬁcant, although for nanoﬂuids with higher concentrations the enhancement is more tangible.
The empirical correlation obtainable in this paper exhibits that for the
relative thermal conductivity of SiO2-oleic acid/liquid paraﬃn nanoﬂuid as a function of nanoparticles mass fraction and temperature the
amount of data deviation is < 10% and for that of the relative viscosity
of the SiO2-oleic acid/liquid paraﬃn the data deviation is also < 10%.
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